Ravindran, A., Levy, J., Pierson, E., and Gross, D. C. 2012. Development of a loop-mediated isothermal amplification procedure as a sensitive and rapid method for detection of 'Candidatus Liberibacter solanacearum' in potatoes and psyllids. Phytopathology 102:899-907.
Zebra chip (ZC) disease of potatoes has caused important economic losses in the United States, Mexico, and New Zealand (26) . In the United States, the disease was observed first in Texas in 2000, and is spreading to other potato-growing regions of the United States (1, 3, 26) . ZC is caused by a phloem-limited bacterium identified as 'Candidatus Liberibacter solanacearum', which is transmitted by the potato psyllid Bactericera cockerelli (17) . Symptoms of 'Ca. Liberibacter solanacearum'-infected potatoes include curling, purpling or chlorosis of leaves, and stunted plants with swollen internodes or aerial tubers (26, 33) . Tuber symptoms include darkening of the medullary rays. This tuber symptom is especially problematic for the potato chip industry because it is intensified with frying, making chips unsuitable for marketing. The discoloration of chips led to the name zebra chip (ZC) for the disease. The disease also causes reduced yield and premature plant death, thus impacting fresh market production too. A closely related 'Ca. Liberibacter' species, 'Ca. Liberibacter asiaticus', causes huanglongbing disease (HLB, also referred to as citrus greening) in citrus (7, 9, 29) . Similar to 'Ca. Liberibacter solanacearum', 'Ca. Liberibacter asiaticus' is a noncultivable, phloem-limited pathogen and is transmitted by the Asian citrus psyllid, Diaphorina citri. Although plant diseases caused by psyllid transmission of 'Ca. Liberibacter' did not occur in the United States prior to 2000, they are now threatening both potato and citrus production (13, 33) .
There are no effective control strategies for protecting plants from 'Ca. Liberibacter' species. Existing measures depend largely on the early detection and control of the psyllid vectors as well as early detection of 'Ca. Liberibacter' in the vector and field plants (5) . Accurate, affordable, and accessible pathogen detection is essential for timely disease control and for reducing management costs. Current detection methods for 'Ca. Liberibacter solanacearum' in insects and plants rely primarily on conventional polymerase chain reaction (PCR) assays, although methods utilizing quantitative real-time PCR (qPCR) also have been developed (12, 14) . Conventional PCR protocols are based on the use of primers designed for the 16S rDNA sequence, 16-23S rDNA intergenic region, and the housekeeping gene, adenylate kinase (adk) of 'Ca. Liberibacter solanacearum' (2, 5, 14, 22, 26, 33) . For qPCR, the 16S rDNA specific primers, LsoF and HLBr, are used almost exclusively (15) . Despite progress in optimizing these methods for increased reliability, they are expensive (e.g., require thermal cycling equipment), time consuming (e.g., require post-PCR analysis via gel electrophoresis or qPCR software), and must be conducted in a laboratory environment.
A relatively new technology for bacterial pathogen detection known as loop-mediated isothermal amplification (LAMP), developed by Notomi et al. (20) , has the advantages of being highly specific, rapid, efficient, and laborsaving. In contrast to both conventional PCR and qPCR, a precision thermocycler is not needed because LAMP is performed at a single temperature. To date, LAMP has found success in medical laboratories for the rapid detection of bacteria in specimens from humans (8) , and has been used for detection of a few vascular plant pathogens including Erwinia amylovora (30) , Ralstonia solanacearum (11) , and Phytophthora spp. (32) . Recently, LAMP was developed for the detection of 'Ca. Liberibacter asiaticus' using a set of four primers designed for nucleotide sequences located either in the 16S rDNA gene or within the nusG-rplKAJL-rpoB gene sequence (21) . No such methods currently exist for diagnosis of 'Ca. Liberibacter solanacearum'.
LAMP as originated by Notomi et al. (20) is a nonquantitative PCR method based on autocycling strand displacement DNA synthesis facilitated by a Bacillus stearothermophilus (Bst) DNA polymerase. However, unlike conventional PCR, LAMP is a onestep process that amplifies a target DNA sequence at a single temperature using sets of six primers, including two inner primers (FIP and BIP), two outer primers (F3 and B3), and two loop primers (LF and LB) that are specific for eight independent regions of the target sequence (Fig. 1) . The forward inner primer (FIP) anneals to initiate the first-strand synthesis of the target sequence by the Bst polymerase. The forward outer primer (F3, at a lower concentration) then hybridizes and displaces the synthesized first strand. Unlike the template, the newly synthesized first strand incudes additional sequence corresponding to the FIP primer at the 5′ end. The FIP primer contains a sequence complementary to the F1 region of the target strand, which facilitates the formation of a loop structure. Similarly the backward inner primer (BIP, containing a copy of the complementary sequence of the B1 region of the target) anneals to the newly synthesized first strand to create a final template with sequences that are complementary to F1 at one end and B1 at the other. These complementary regions fold back and anneal to the F1 and B1 regions of the target sequence to form a dumbbell shape (Fig. 1) . The dumbbellshaped, stem-loop structure acts as a template for the synthesis of long concatemeric strands consisting of repeating units of the target sequence (20) . Furthermore, an accelerated LAMP procedure has been developed that employs two additional loop primers (LF and LB) for enhanced specificity and reaction efficiency (19) .
LAMP amplification has the potential for increased detection specificity in comparison to conventional PCR methods that are reliant on the sequence specificity of two primers and two annealing regions. In contrast, LAMP is dependent on the formation of dumbbell-shaped final templates for amplification, which in turn are reliant on the sequence specificity of six primers and eight annealing regions. When there is amplification, the LAMP method produces substantial amounts of large DNA strands composed of concatemers of the target sequence. A by-product of the LAMP amplification is the formation of an insoluble white precipitate of magnesium pyrophosphate, which becomes increasingly visible with time in the reaction tube. The results (no product versus visible turbidity) make it simple to distinguish between negative and positive reactions within the reaction tube. The double-stranded, LAMP-amplified concatemers of the target DNA produce a characteristic ladder banding pattern defined by the number of target sequence copies when analyzed via gel electrophoresis. LAMP amplification requires less than 60 min (as compared to up to 2 h for conventional PCR amplification) and no post-PCR analysis via gel electrophoresis is needed to visualize the outcome.
This report describes the design of a six-primer set and the optimization of a protocol for LAMP detection of 'Ca. Liberibacter solanacearum' in plant and insect samples. A number of 'Ca. Liberibacter solanacearum' genes were analyzed to determine whether the required six LAMP primers could be designed to amplify 'Ca. Liberibacter solanacearum' gene-specific target sequences. Although a number of gene-specific LAMP primer sets were designed and tested, only primers targeting the 16S rDNA region provided reproducible results. Using this 16S rDNA LAMP primer set (hereafter LsoTX16SLAMP), the optimal LAMP conditions were determined. Previously, a common problem with LAMP was reproducibility (10, 31) , and this report provides a reliable and reproducible LAMP method for the detection of 'Ca. Liberibacter solanacearum'. Data on the specificity and sensitivity of the optimized protocol are presented. A comparison of the capability of conventional PCR, qPCR, and LAMP to detect 'Ca. Liberibacter solanacearum' in plant samples is provided. Several different devices ranging from a thermocycler to less expensive water baths and heating blocks were tested for their ability to maintain the correct isothermal conditions for LAMP amplification. The goal was to develop a rapid and robust method for the detection of 'Ca. Liberibacter solanacearum' for use in less well-equipped laboratories and potentially at field sites.
MATERIALS AND METHODS
Plant and insect material. Healthy and ZC-symptomatic potato plants and tubers were collected from commercial fields in Texas, Kansas, and Nebraska. In the case of potato tubers, ZC symptoms were based on the results of the fry test, e.g., darkening of the medullary rays when tubers were chipped and fried (17) . Also included in the study were glasshouse-grown plants that were either exposed to or protected from bacterialiferous psyllids. The protected glasshouse plants served as 'Ca. Liberibacter solanacearum'-negative controls, whereas the psyllid-infested plants served as 'Ca. Liberibacter solanacearum'-positive controls. 'Ca. Liberibacter solanacearum'-infected insects were obtained from laboratory populations described previously (18) . DNA samples from citrus plants growing in Florida that were symptomatic for HLB and subsequently shown to have 'Ca. Liberibacter asiaticus' via conventional PCR were provided by Nian Wang, University of Florida, and used in the LAMP specificity assays.
Bacterial strains. Strains of bacteria within the Rhizobiaceae were used in tests of specificity of the LAMP primers designed for 'Ca. Liberibacter solanacearum' detection. The bacteria and strains are as follows: Agrobacterium tumefaciens (strains C58, biovar 1; K84, biovar 2; GV3101), A. vitis (strain A804, biovar 3), A. rhizogenes (strain A4, biovar 2), Rhizobium leguminosarum bv. trifolii (strain 162P30), R. leguminosarum (strain 128A12), R. leguminosarum bv. phaseoli (strains 3610, and 127k14), and Sinorhizobium meliloti (strain 102F28).
Extraction of DNA. Plant DNA was extracted from different plant tissues including tubers, roots, stems, petioles, and leaves of potato. Total DNA (plant and bacteria) was extracted from the different plant tissues using a method modified from Doyle and Doyle (4), as described previously (22) . Total DNA (insect and bacteria) was extracted from pooled samples of 10 adult psyllids, as described previously (18) .
Primer design for LAMP. The structure and sequence of the six primers and their annealing sites within the 16S rDNA target sequence are given in Figure 1 . These include forward and backward external primers F3 and B3, respectively; forward and backward internal primers FIP and BIP, respectively; and forward and backward loop primers LF and LB, respectively.
Potential target sequences of 'Ca. Liberibacter solanacearum' genes (GenBank accession NC_014774) were selected based on their suitability for designing the six primers sequences (and eight annealing regions) required for LAMP amplification using the primer design software, Primer Explorer V4 software (Eiken Co., Ltd., Japan: http://primerexplorer.jp/e/). Primer Explorer V4 considered potential adverse interactions among the six primers (e.g., whether primer sequences will form hairpins or primer dimers that might result in false positives and whether specific primer combinations will self-hybridize). To verify the primer folding predictions and the free energy of the most stable DNA secondary structure, they were calculated by UNAFold software (16) . Six LAMP primers specific to each of several housekeeping genes (i.e., rpoB, rpoD, gyrB, adk, recA, dnaG, fumC, pyrE, kdo, ftsA, gnd, mdh, and sucC) along with the 16S rDNA gene and the 16S/23S rDNA intergenic region were designed and tested. Primers for all of the genes amplified the 'Ca. Liberibacter solanacearum' target sequence, although somewhat unreliably with either no reproducible amplification or false positives. Optimization of the turn-back primers (FIP and BIP) for each gene sequence was required for stable loop formation and this was carried out using the least absolute shrinkage and selection operator (LASSO) regression analysis method (http://gerg.gsc.riken.jp/ TP_optimization/) (10) . Only the resulting 16S rDNA primer set, LsoTX16SLAMP, amplified the 'Ca. Liberibacter solanacearum' target sequence reliably and this six primer set was used for the development of LAMP detection of 'Ca. Liberibacter solanacearum'.
Standard desalted F3, B3, LF, and LB primers were obtained from either Invitrogen (Grand Island, NY) or IDT (Coralville, IA). High-performance liquid chromatography-purified FIP and BIP primers (Invitrogen) are highly recommended and were used to improve the reproducibility of LAMP amplification.
Optimization of LAMP reaction. Based on the procedure of Tomita et al. (31) , a temperature of 60°C and a time of 60 min was used to optimize the reaction components, i.e., the Bst DNA polymerase enzyme (New England BioLabs) concentration (2, 4, and 8 units), the MgSO 4 (New England BioLabs) concentration (2, 4, 6, 8, 10, 12, 14 , and 16 mM), the betaine concentration (Sigma-Aldrich) (0.8, 1.2, 1.6, 2.0, and 2.4 M). Furthermore, the reaction temperature (57, 60, 63, 66, and 69°C), and the amplification time (15, 30, 45, 60 , and 75 min) were optimized as described by Yeh et al. (35) . The optimal conditions for LAMP using the LsoTX16SLAMP primers are given in Table 1 and described further in the Results.
LAMP reactions were performed in 25 µl (total volume) in 200-µl PCR tubes (Denville Scientific Inc.). For multiple samples, a standard mix containing the ThermoPol Reaction Buffer (New England BioLabs), betaine, MgSO 4 , dNTPs (Fisher Scientific), and the six primers was prepared according to Table 1 . For fluorescent visualization (see below), calcein and MnCl 2 were added to the standard mix according to Table 1 . The Bst DNA polymerase enzyme was added to the standard mix immediately before a 23-µl aliquot of the mix was dispensed to each sample tube, and 2 µl of total DNA (~30 to 50 ng/µl) extract from plants was supplied. The sample was mixed only by the careful addition (via pipettor) of the DNA into the mix; more aggressive mixing may inactivate the Bst DNA polymerase. The best amplification occurred at 60°C with the amplification time of 60 min followed by incubation at 80°C for 5 min to terminate the elongation reaction to inactivate the Bst DNA polymerase.
Direct analysis of LAMP products. LAMP amplicons were detected directly in the reaction tubes by formation of an insoluble magnesium pyrophosphate precipitate during amplification; turbidity indicated a positive reaction, whereas a negative result remained clear. Detection can be enhanced via the addition of 1 mM MnCl 2 and 50 µM calcein (Wako Chemical) to the reaction mix, which results in the formation of a fluorescent green metal indicator (31) . A positive reaction was indicated by green fluorescence and a negative reaction by the lack of fluorescence. A UV lamp (wavelength, 254/365 nm) was used to illuminate the fluorescent product for color photography and black and white imaging. Results were further confirmed via gel electrophoresis on a 2% agarose gel.
Multiple sequence alignment and specificity of LAMP. (28) . The specificity of LAMP using the LsoTX16SLAMP primer set was examined using DNA samples from these bacterial species. The quality of the bacterial DNA was verified by PCR amplification of the 16S rDNA gene using the 16S rDNA universal primers (pA and pH forward and reverse primers, respectively) as described previously (27, 34) . As controls, DNA was extracted from 'Ca. Liberibacter solanacearum'-uninfected potato and tomato and 'Ca. Liberibacter asiaticus'-uninfected citrus. The quality of plant DNA extracts from potato and tomato was verified by PCR amplification of the β-tubulin gene, as described previously (22) .
Sensitivity of LAMP and comparison to conventional and qPCR. To test the sensitivity of the LsoTX16SLAMP primer set, LAMP was performed on a dilution series of DNA extracted from a ZC-symptomatic potato plant. The DNA sample was diluted 10-fold from 10 2 to 10 -5 ng and the presence of a LAMP product was determined via direct visualization and electrophoresis on a 2% agarose gel. For comparison, conventional PCR using the LsoTX16/23 F/R primers for detection of 'Ca. Liberibacter solanacearum' was performed as described previously (22) .
LAMP, conventional PCR, and qPCR methods were compared using DNA samples extracted from four different plant tissues (tuber, leaf, stem, and petiole) from 10 different ZC-symptomatic plants collected from a field in Weslaco, TX. As above, the LsoTX16/23 F/R primers were used for the conventional PCR.
For qPCR, the LsoF and HLBr primers and SYBR green methodology were used as described previously (12) .
LAMP in different isothermal reactors. The LAMP method was optimized using a thermocycler (ABI Geneamp 9700 thermocycler, Applied Biosystems, Foster City, CA) to maintain a constant reaction temperature. Different types of isothermal reactors, including a heating block (MyBlock Mini dry bath, Benchmark Scientific), incubator (Economy, Precision), and water bath (180 series, Precision) were evaluated to determine whether they could be used to incubate tubes at a sufficiently stable temperature for LAMP amplification.
RESULTS

LAMP primer design.
Several genes were selected as potential target sequences for LAMP primer design, including the 16S rDNA gene, 16S/23S rDNA intergenic region, and several housekeeping genes (i.e., rpoB, rpoD, gyrB, adk, recA, dnaG, fumC, pyrE, kdo, ftsA, gnd, mdh, and sucC) using primer design software (Primer Explorer V4). Except for the 16S rDNA sequence and the 16/23S rDNA intergenic region, all of the 'Ca. Liberibacter solanacearum' genes evaluated had between 33 to 41% GC content, making them unsuitable for LAMP. Analysis of the 'Ca. Liberibacter solanacearum' genome revealed that only the three 16/23S rDNA gene copies had GC content higher than 45%. Despite the low GC content of the housekeeping genes evaluated, the primer design software identified a target sequence within each of these genes that was acceptable for designing all six LAMP primers. However, using these gene-specific primer sets, LAMP failed to amplify a target sequence for any of the genes including the 16S rDNA sequence and the 16/23S rDNA intergenic region (data not shown).
In addition to consideration of annealing factors and GC content, the design of the forward inner primer and the backward inner primer (the turn-back primers) were found previously to be the most important feature for reproducible amplification (10) . The application of both the UNAFold (16) and LASSO regression analysis (http://gerg.gsc.riken.jp/TP_optimization/) software program to design primers was shown (10) to be the best method for designing the turn-back primers. Using this method improved LAMP primers for all of the genes were designed. Only the LAMP primers specific for the 'Ca. Liberibacter solanacearum' 16S rDNA reproducibly amplified the 'Ca. Liberibacter solanacearum' target sequence, and these were used for further study.
Optimal conditions for detection of 'Ca. Liberibacter solanacearum' using LAMP. Optimal reaction conditions are found in Table 1 . The optimization of the LAMP protocol was conducted using DNA extracted from 'Ca. Liberibacter solanacearum'-infected plant material as the positive control and DNA extracted from a healthy plant as the negative control. LAMP primers were added in concentrations as recommended previously (31) . Accordingly, the F3 and B3 primers, required only for the initial displacement reaction, were added at a lower (fourfold) concentration than the FIP and BIP primers. The LF and LB primers are not required for the generation of the template or subsequent amplification, and theoretically can be omitted from the reaction (19) . However, when they were added at the recommended concentration (e.g., twofold lower than the FIP and BIP primers), they greatly increased the speed of the reaction by providing an increased number of starting points for DNA synthesis, as observed previously (19) . The optimal concentration of Bst polymerase, MgSO 4 , and betaine were found to be, respectively, 8 units per reaction, 12 mM, and 1.6 M. LAMP amplification was evaluated at temperatures ranging from 57 to 69°C ( Fig.  2A) . Evaluation of amplification time showed a LAMP product initially being formed after 45 min (Fig. 2B) . No amplification was observed for the water control (Fig. 2) and the healthy plant DNA (data not shown). Thus, the optimal amplification temperature and time were 60°C and 60 min, respectively. Visual detection of LAMP products. Several methods for visual detection of LAMP products were evaluated. These included direct observation of solution turbidity in the reaction tube and under UV light, visualization of the formation of the green fluorescent metal indicator directly and under UV illumination, and gel electrophoresis (Fig. 3) . The formation of magnesium pyrophosphate precipitate during the synthesis of DNA facilitated detection of positive amplification directly in the reaction tubes (Fig. 3) . No detectable level of precipitate formed in the negative reactions and the solution appeared clear. The precipitate also was clearly visible under UV light, where it appeared as a bright white image with a gel imaging system (Fig. 3) . As observed previously (31), addition of MnCl 2 and calcein produced a green fluorescence during DNA synthesis, which was more apparent under UV light (Fig. 3) . The fluorescent emission is produced as quenching is relieved by manganese chelated to the calcein and pyrophosphate scavenging of the manganese. This emission is further intensified as magnesium binds with the manganese-free calcein. When resolved via gel electrophoresis, LAMP reactions produce many different-sized bands in a reproducible pattern (Fig. 3) . DNA extracts from psyllid samples and different plant tissues containing 'Ca. Liberibacter solanacearum' produced similar turbidity, fluorescence, and banding patterns. Negative controls (e.g., no DNA and DNA extracted from healthy plants) produced no turbidity, fluorescence, or DNA bands on gels (Fig. 3) .
Specificity of LAMP. The specificity of LAMP using the LsoTX16SLAMP primer set to amplify only 'Ca. Liberibacter' Fig. 2 . Optimization of loop-mediated isothermal amplification procedure (LAMP) conditions: effect of amplification temperature and time on amplification of LAMP product. A, Temperature, M, molecular size marker (100-bp DNA ladder, ranging from 100 to 1,000 bp); LAMP carried out at 57, 60, 63, 66, and 69°C, respectively; N, negative control (no DNA). B, Time, M, molecular marker (100-bp DNA ladder, ranging from 100 to 1,000 bp); LAMP carried out for 15, 30, 45, 60, and 75 min, respectively; N, negative control (no DNA). All the products were examined on 2% agarose gels and stained with ethidium bromide. species ('Ca. Liberibacter solanacearum' and 'Ca. Liberibacter asiaticus') was tested using DNA samples from closely related bacterial species including A. tumefaciens, A. vitis, A. rhizogenes, R. leguminosarum, and S. meliloti (data not shown). The multiple alignment of the partial 16S rDNA nucleotide sequences corresponding to the region used for selection of the LsoTX16SLAMP primers indicated that there was only one nucleotide difference between the 'Ca. Liberibacter solanacearum' and 'Ca. Liberibacter asiaticus' sequences, whereas the 'Ca. Liberibacter solanacearum' sequence was only ≈85% similar to the other Rhizobiaceae members tested (Fig. 4A) . As expected based on the multiple alignments, the LsoTX16SLAMP primer set amplified products from the 'Ca. Liberibacter solanacearum' and 'Ca. Liberibacter asiaticus' samples, but not from A. tumefaciens strain GV3101, S. meliloti strain 102F28, or host plant samples (Fig. 4B  and C) . Conventional PCR using the bacterial 16S rDNA universal primers and the plant β-tubulin primers amplified products in all bacterial and plant samples, respectively, indicating the quality of DNA in all samples was equivalent. These experiments demonstrated that the primers are specific for the 'Ca. Liberibacter' species we tested ('Ca. Liberibacter solanacearum' and 'Ca. Liberibacter asiaticus') and do not amplify host plant DNA.
Sensitivity of LAMP. The sensitivity of LAMP and conventional PCR to detect 'Ca. Liberibacter solanacearum' was compared using a 10-fold dilution series from 10 2 to 10 -5 ng of DNA extracted from a 'Ca. Liberibacter solanacearum'-infected potato tuber. For conventional PCR, bands were clearly visible for samples containing 100 to 1 ng of DNA, whereas LAMP bands were visible for samples containing 100 to 0.01 ng of DNA (Fig. 5) . These data suggest that LAMP has the potential to be ≈100 times more sensitive than conventional PCR using the LsoTX16/23 F/R primers.
Comparison of LAMP and conventional PCR results from field samples. Once the protocol was optimized, LAMP and conventional PCR were compared for their ability to detect 'Ca. Liberibacter solanacearum' in field samples from Texas, Kansas, and Nebraska. The DNA was extracted from several plant tissues (tuber, leaf, stem, and petiole); results are shown in Table 2 for samples from 10 different ZC-symptomatic plants collected from a field in Weslaco, TX. The quality and quantity of DNA in all samples was verified by amplification of the plant β-tubulin target, prior to analysis. For 8 out of the 10 ZC-symptomatic plants, 'Ca. Liberibacter solanacearum' was detected in all plant tissues using both techniques (data not shown). Interestingly, all tissues from ZC-symptomatic plant 1 were negative either by LAMP or conventional PCR (Table 2 ). In addition, the leaf sample from ZC-symptomatic plant 3 was negative for both LAMP and conventional PCR, but the samples from the other tissues (tuber and stem) were positive for both PCR methods. These data demonstrated that the two techniques provided similar diagnostic results. All samples from plants 1 to 10 were then assayed by qPCR ( Table 2 ). The results from the qPCR analysis for plant 3 are identical to the LAMP and conventional PCR results. However, the qPCR results for ZC-symptomatic plant 1 were negative for the tuber, leaf, and petiole samples, but positive for the stem sample. This demonstrates that qPCR was more sensitive than either qualitative PCR method in detecting 'Ca. Liberibacter solanacearum' in field-grown potato plants.
Efficiency of LAMP in different isothermal reactors. LAMP was performed using the same reaction mix in different isothermal devices, including a thermocycler (normally used for variable temperature PCR), a heating block, an incubator, and a water bath. All devices were equally effective in LAMP amplification with a target temperature of 60°C, demonstrating that a precision thermocycler is not required for LAMP.
DISCUSSION
Accurate pathogen detection of 'Ca. Liberibacter' species in insect vectors and plant tissues is essential for the management of diseases such as ZC and HLB that are transmitted by psyllids. Although pathogen screening programs are already in place for the management of both diseases, these remain expensive (e.g., require thermal cycling equipment) and time consuming (require long amplification times and post-PCR analysis via gel electrophoresis or qPCR software). One of the most promising new methods for detection of 'Ca. Liberibacter' is LAMP, which has been used successfully for medical diagnostics (8, 24) and to a limited extent for the rapid detection of plant-pathogenic bacteria within host specimens (11, 23, 30) . This report provides the nucleotide sequences for the LAMP primer set, LsoTX16SLAMP, and describes a complete protocol for LAMP detection of 'Ca. Liberibacter solanacearum' in plant and insect hosts. We also discuss considerations for primer design, reaction optimization, and reductions in time required for pathogen detection.
The results using the LsoTX16SLAMP primer set and the optimized LAMP protocol demonstrated that the method effectively detected both 'Ca. Liberibacter solanacearum' and 'Ca. Liberibacter asiaticus' target sequences in plant DNA extracts. However, the primer set did not amplify target sequences of the closely related Rhizobiaceae members tested, i.e., Agrobacterium, Sinorhizobium, and Rhizobium species, indicating the primers may be used for the specific detection of both 'Ca. Liberibacter' species.
On field samples, the LAMP method using the LsoTX16SLAMP primer set detected 'Ca. Liberibacter solanacearum' with the same reliability as conventional PCR in bacterialiferous psyllids and in different tissues from ZC-symptomatic potato plants. However, both conventional PCR and LAMP failed to detect 'Ca. Liberibacter solanacearum' in some samples from ZC-symptomatic plants. When these samples were tested by qPCR, it was determined that the bacterial titer in some of them (e.g., in a leaf from plant 3 and leaf, petiole and tuber samples from plant 1) were below the detection level even for qPCR. However, qPCR detected a low titer of 'Ca. Liberibacter solanacearum' in the stem sample from ZC-symptomatic plant 1, which was determined to be 'Ca. Liberibacter solanacearum'-negative via conventional PCR and LAMP for all tissues. Differences between conventional and qPCR in their ability to detect 'Ca. Liberibacter solanacearum' in different tissues of symptomatic plants has been observed previously and attributed to spatial and temporal variability in bacterial titer within the plant (12, 14, 15) . For example in experiments designed to look at the direction and rate of 'Ca. Liberibacter solanacearum' movement in plants from a single leaf inoculation point, it was observed that bacteria spread from the infected leaf into the main stem within 7 days (12) . Furthermore, populations reached titers sufficient for qPCR detection most reliably in immature leaves first and then older leaves, suggesting a source to sink pattern of movement; the study did not provide information on bacterial titers in tubers (12) . These observations are consistent with qPCR detection of 'Ca. Liberibacter solanacearum' in the stem samples of ZC-symptomatic plants 1 and 3, but not the mature leaves of either plant. Together these results indicate that LAMP is a very sensitive and robust method for 'Ca. Liberibacter solanacearum' detection within insects and plants, but as with all qualitative PCR-based methods, it cannot detect the pathogen in all tissues of symptomatic plants when titers are low or bacteria are unequally distributed.
Development of a robust LAMP method requires careful design and testing of primers and optimization of the amplification reaction conditions, which are likely to be specific both to the primer set and the target gene sequence selected (10) . However, by far the most challenging step is the design of effective primers. The LAMP turn-back primers, FIP and BIP, being required for stemloop formation, are the most crucial and we found that only HPLCpurified FIP and BIP primers provided reliable and reproducible amplification. As in the design of all PCR primers, LAMP primers require consideration of GC content, melting temperature, and the self-compatibility of the sequences and, for organisms such as 'Ca. Liberibacter solanacearum' with a low genomic GC content, the selection of primer sequences with adequate GC content can be a critical determinant of LAMP success. In addition, because the formation of the loop structure is essential for LAMP amplification, further consideration of the free energy for hybridization at the 5′-end of the FIP and BIP primers and the 3′-end of the F3, B3, FIP, BIP, LF, and LB primers as well as parameters related to secondary-structure formation are required. In this study, we were not successful in designing the LAMP primers without modifying them according to the UNAFold (16) and LASSO analysis (10) . Equally important, we found that although LAMP as developed by Notomi et al. (20) requires only four primers (F3, B3, FIP, and BIP), reliable LAMP amplification could be achieved only by using the additional LF and LB primers, as described by Nagamine et al. (19) . We recommend that all six of the LsoTX16SLAMP primers be used for LAMP detection of 'Ca. Liberibacter solanacearum', as described in this study. Once the primer set is determined, it is important to perform assays to optimize the other reaction conditions, e.g., concentrations of Bst DNA polymerase enzyme, MgSO 4 , betaine; amplification temperature and time (6, 28, 35) . For LAMP using the LsoTX16SLAMP primer set, the MgSO 4 concentration had the greatest effect on LAMP amplification; this is likely due to the effects of Mg 2+ on DNA polymerase activity and primer annealing (24, 25) .
The optimal amplification temperature and time conditions for LAMP using the LsoTX16SLAMP primer set were 60°C for 60 min. However, fluctuations in the temperature during the amplification process (i.e., 60 ± 3°C) resulted in amounts of amplification products similar to precision controlled (e.g., thermocycler, ±0.2°C) amplification, indicating that a highly precise instrument is not required for LAMP amplification. In fact, our results demonstrated that a heating block, incubator, or water bath were equally capable of maintaining the temperature within this range and produced amounts of LAMP products equivalent to those produced in a thermocycler. In addition, LAMP amplification sufficient for 'Ca. Liberibacter' detection was observed in as little as 45 min, although amplification at 60 min was more reproducible.
These observations highlight two of the most significant advantages of the LAMP detection method, reliability and speed. Based on our work, an inexpensive dry bath such as the MyBlock Mini dry bath was a reliable and portable substitute for a thermocycler for the LAMP amplification. Furthermore, as observed in previous studies using LAMP (31) , we found that all detection methods, e.g., direct, real-time monitoring of the turbidity of the reaction mixture or green color in the reaction vial, visualization of fluorescence under UV light (as green color or bright white in a gel imaging system), or via gel electrophoresis of the LAMP products were equally reproducible. Because observation of green color under normal light directly in the reaction tube requires no special equipment and positive and negative reactions are clearly discernible, we found this to be the preferred method for LAMP detection.
Although not the focus of this study, the LsoTX16SLAMP primer set and the reaction conditions employed for 'Ca. Liberibacter solanacearum' detection was effective in detecting 'Ca. Liberibacter asiaticus' in the limited number of citrus plant DNA extracts to which we had access. We also found that in our laboratory, this method was more robust than the previously published LAMP method for 'Ca. Liberibacter asiaticus' detection employing sets of four LAMP primers designed for amplification of nucleotide sequences in the 16S rDNA gene or the nusGrplKAJL-rpoB gene sequence (21) . We speculate that our primer optimization using UNAFold and LASSO software and the inclusion of the additional loop primers contributed to the improved reliability of our method for 'Ca. Liberibacter asiaticus' detection.
In summary, the LAMP method developed in this study has the potential to be extremely useful for the rapid detection of 'Ca. Liberibacter solanacearum' and 'Ca. Liberibacter asiaticus' and especially applicable in field laboratories without precise temperature controllers or electrophoresis and gel-imaging equipment. Ongoing work is focused on methods to adapt the LAMP method developed in this study for on-site testing of potato samples and psyllid vectors to facilitate real-time 'Ca. Liberibacter solanacearum' detection and disease management decisions in the field.
